Introduction
Volatile organic compounds (VOCs) are emitted as gases from certain solids or liquids. VOCs include a variety of chemicals, some of which may have short-and long-term adverse health effects. Concentrations of many VOCs are consistently higher indoors (up to ten times higher) than outdoors.
The control of VOCs in the atmosphere is a major environmental problem. The traditional methods of VOCs removal such as absorption, adsorption, or incineration, which are referred to the new environmental condition have many technical and economical disadvantages. So in recent years, some new technologies called advanced oxidation processes (AOPs), such as biological process, photo-catalysis process or plasma technology, are paid more and more attention.
Advanced oxidation processes (AOPs) are efficient novel methods useful to accelerate the non-selective oxidation and thus the destruction of a wide range of organic substances resistant to conventional technologies. AOPs are based on physicochemical processes that produce in situ powerful transitory species, principally hydroxyl radicals, by using chemical and/or other forms of energy, and have a high efficiency for organic matter oxidation.
Among AOPs, photocatalysis has demonstrated to be very effective to treat pollutants both in gas and in liquid phase. The photo-excitation of semiconductor particles (TiO2) promotes an electron from the valence band to the conduction band thus leaving an electron deficiency or hole in the valence band; in this way, electron/hole pairs are generated. Both reductive and oxidative processes can occur at/or near the surface of the photo-excited semiconductor particle.
Photocatalytic degradation of VOCs on UV-illuminated titanium dioxide (TiO2) is proposed as an alternative advanced oxidation process for the purification of water and air. Heterogeneous photo-catalysis using TiO2 has several attractions: TiO2 is relatively inexpensive, it dispenses with the use of other coadjutant reagents, it shows efficient destruction of toxic contaminants, it operates at ambient temperature and pressure, and the reaction products are usually CO2 and H2O, or HCl, in the case of chlorinated organic compounds. Decomposition path of VOCs with UV/TiO2 or UV/TiO2/doped ions is shown in Fig. 1 . However, the formations of by-products, such as CO, carbonic acid and coke-like substances, were often observed. These by-product formations are due to low degradation rate of intermediate compounds that are formed by the partial oxidation of VOCs. In order to improve the VOC degradation rate, some authors reported on the enhancement of VOC degradation through the addition of anions (dopant = S, N, P, etc), cations (dopant = Pt, Cu, Mg, etc), polymers or co-doped with several ions on TiO2, while the difference between doping agents has not been discussed yet. In this chapter, toluene, p-xylene, acetone and formaldehyde were chosen as the model VOCs because they were regarded as representative indoor VOCs for determining the effectiveness and capacity of gas-phase air filtration equipment for indoor air applications, the photo-catalytic degradation characters of them by TiO2/UV, TiO2/doped Ag/UV and TiO2/doped Ce/UV was tested and compared. The effects of hydrogen peroxide, initial concentration, gas temperature, relative humidity of air stream, oxygen concentration, gas flow rate, UV light wavelength and photo-catalyst amount on decomposition of the pollutants by TiO2/UV were analyzed simultaneously. Furthermore, the mechanism of titania-assisted photo-catalytic degradation was analyzed, and the end product of the reaction using GC-MS analysis was also performed.
Materials and methods

Chemicals and experimental set-up
Acetone, toluene, p-xylene and formaldehyde used in our experiment was analytical reagent. The TiO2 photocatalyst was prepared with 100 % anatase using the sol-gel method, Photo-Catalytic Degradation of Volatile Organic Compounds (VOCs) over Titanium Dioxide Thin Film 343 and immobilized as a film (thickness 0.2 mm) on glass springs. Ethanol, tetrabutyl orthotitanate, diethanolamine, N,N-dimethylformamide and polyethylene glycol used as raw materials for photocatalyst preparation were of analytical grade and utilized without further purification. AgNO3, Ce(NO3)3•6H2O were used as Ag or Ce source for modified TiO2 samples. Deionized water was used throughout the study.
A schematic diagram of the experimental system for photo-oxidation is shown in Fig. 2 . The experiments were performed in a cylindrical photo-catalytic reactor with inner diameter 18.0 mm. A germicidal lamp (wavelength range 200-300 nm) with the maximum light intensity at 254 nm was installed in the open central region. The desired amount of representative sample, that is acetone, toluene, p-xylene or formaldehyde, was injected into the obturator. Then, the photo-catalytic degradation was performed by transporting the gas across the photo-catalyst continuously when UV lamp was turned on. Glass spring coated by a TiO2 t h i n f i l m w a s f i l l e d a r o u n d t h e l a mp. In whole experiment, humidity was controlled and adjusted with vapour. In some experiments it was replaced with a 15 W black-light lamp with a maximum light intensity output at 365 nm. After a stabilized period of about 3 h, the pollutant concentrations in the outlet gas became the same as in the inlet gas, and the experiment was started by turning on the UV lamp. Relative humidity of the reactor was detected with humidity meter. Oxygen concentration was controlled with oxygen detector. Fig. 3 shows the schematic flow-chart of the experimental procedure.TiO2 precursor sols were prepared by adding tetrabutylorthotitanate (400 mL) into ethanol (960 mL) at room temperature. Then diethanolamine (69.1 mL) was added, and the mixture stirred for 2 hr. Subsequently, ethanol (120 mL), deionized water (25.2 g), 5 wt% AgNO3 or Ce(NO3)3 were added dropwise to the solution. After stirring for 15 min, N,N-dimethylformamide (16.8 mL) was added. This reduced surface tension and made a smooth coating of the thin film on the carrier. The solution was then left to rest for 24 hr. Finally, polyethylene glycol (4.32 g) dissolved in ethanol (120 mL) at 50 °C was added dropwise to the solution. The final solution was left to sit for 12 hr, after which the TiO2 gel had formed. The prepared mixture could remain stable for months at ambient temperature. Thin film TiO2 photocatalyst was formed by dip-coating with a velocity of 5 cm/s. Glass springs were selected as the photocatalyst carrier due to their excellent transparency and long light diffusion distance. Fig. 4 was the sketch of glass spring structure. These were immersed in the TiO2 gel mixture, and then dried at room temperature. This was followed by calcination at 500 °C in a muffle furnace for 2 hr. The glass springs were coated repeatedly (total of five times) using this method to form a thin TiO2 photocatalyst film. The TiO2 film was very stable and durable, and no loss was observed during its application. 
Photo-catalyst preparation
Analytical methods
The concentrations of acetone, toluene, and p-xylene were analyzed by a gas chromatograph (Model GC-14C, Shimadzu, Japan) with a flame ionization detector (FID). The oven temperature was held at 60 °C and detector temperature maintained constant at 100 °C. The end products of the reaction were detected by GC-MS. GC-MS analysis was conducted using an HP 6890N GC and HP 5973i MSD. A HP-5 capillary column (30m×0.32mm ID) was used isothermally at 60 °C. The carrier gas (helium) flow-rate was 30 cm/s, and the injector and detector temperatures were 150°C and 280°C, respectively. Intermediate products analysis was done by EI mode and full scan. Formaldehyde concentration in gas stream was determined by acetylacetone spectrophotometric method. HCHO absorbed by deionized water in acetic acideammonium acetate solution would react with acetylacetone to form a steady yellow compound. HCHO concentration in the gas stream was then determined by measuring light absorbance at 413 nm with a spectrophotometer (UV/Vis 722). Temperature and humidity were measured with a temperature-humidity detector (Model LZB-10WB, Beijing Yijie Automatic Equipment Ltd., China).
The characteristics of the immobilized nano-structured TiO2 thin film were analyzed by field-emission scanning electron microscopy (FE-SEM, Model JSM 6700F, JEOL, Japan) and X-ray diffractometry (XRD, Rigaku, D-max-γA XRD with Cu Kα radiation, λ = 1.54178 Å). The surface area of the TiO2 film was also analyzed using gas adsorption principles (Detected by Micromeritics, American Quantachrome Co., NOVA 1000). The synthesized samples had a BET surface area of 56.3 m 2 /g, compared with Degussa P25 TiO2 with a surface area of 50.2 m 2 /g.
The degradation rates (%) of acetone, toluene, p-xylene and formaldehyde were calculated as follows:
where Ci is the inlet concentration, and Co is the outlet concentration at steady state.
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Results and discussion
SEM and XRD Images of the Photocatalyst
FE-SEM analysis of the particle size and shape of the synthesized TiO2 sample showed it consisted of uniform nano-particles (Fig. 5) . However, some cracks were found on the surface. A major contributor to these cracks could be the greater surface tension resulting from the small diameter (0.5 mm) of the glass springs and the high-temperature sintering process. In further experiments, we decreased the temperature from 500 °C to 450 °C. At the lower temperature, there were fewer cracks on the surface but they were not eliminated completely. The left and right photographs were taken at 1000× and 50 000× magnification, respectively.
According to Scherrer's equation (Eq. 2) and XRD patterns, the particle size of TiO2 (D) was calculated to be 35 nm.
The crystalline phase of the TiO2 catalyst was analyzed by XRD (Fig. 6 ). All the diffraction peaks in the XRD pattern could be assigned to tetragonal anatase TiO2, with lattice constants of a=0.3785 nm, b=0.3785 nm, and c=0.9514 nm. 
Effect of doped Ag/TiO2 or Ce/TiO2 on decomposition of VOCs
The characters of catalyst are important for the degradation of VOCs. Fig. 7 illustrates the degradation rates of acetone, toluene, and p-xylene (ATP) as functions of irradiation time when pure TiO2, Ag-TiO2 and Ce-TiO2 were used. As controls, blank experiments in the absence of TiO2 had been studied. The results corresponded to the flow-rate of 1 L/min, initial concentration of 0.1 mol/m 3 and relative humidity of 35%. It was found that all the conversions of ATP in the TiO2/UV, Ag-TiO2/UV and Ce-TiO2/UV processes were increased with irradiation time. Table 1 shows the degradation rates for both catalysts after 8-h photocatalytic reaction. It can be seen from Fig. 7 and Table 1 that the doping of silver or cerium ions could improve the photo-activity of TiO2 effectively. Furthermore, the degradation character of the photo-catalyst was in the order Ce-TiO2＞Ag-TiO2＞TiO2. Besides, the results of blank experiments in the absence of TiO2 showed that the removal efficiency of ATP was very low. For example, the removal efficiency of acetone was merely 6.3% after 8 h and lower than 46.5% for pure TiO2, which means that TiO2 plays an important role in photo-catalytic reaction.
(Ag-TiO2, 5wt%) It was found that conversions of HCHO in the TiO2/UV, Ag-TiO2/UV and Ce-TiO2/UV processes were increased with irradiation time. It could be seen that the doping of silver or cerium ions could improve the photo-activity of TiO2 effectively. Furthermore, the degradation character of the photo-catalyst was in the order Ce-TiO2 > Ag-TiO2 > TiO2. Photo-Catalytic Degradation of Volatile Organic Compounds (VOCs) over Titanium Dioxide Thin Film 349
The reason was as follows: Ag/Ce doping could narrow the band gap. The narrower band gap will facilitate excitation of an electron from the valence band to the conduction band in the doped TiO2, thus increasing the photo-catalytic activity of the material. At the same time, silver or cerium species could create a charge imbalance, vacancies and unsaturated chemical bonds on the catalyst surface. It will lead to the increase of chemisorbed oxygen on the surface. Surface chemisorbed oxygen has been reported to be the most active oxygen, and plays an important role in oxidation reaction. Herein, silver or cerium modified TiO2 might have better activity for the oxidation of VOCs. Furthermore, samples after Ag/Ce doping treatment showed a slight change of colour from white to yellowish.
The photo-catalytic activity of Ce-TiO2 in the oxidative degradation of VOCs being higher than that of Ag-TiO2 may be explained as follows: Compared to Ag, Ce doping serves as an electron trap in the reaction because of its varied valences and special 4f level. For Ce 3+ -TiO2, the Ce 4 f level plays an important role in interfacial charge transfer and elimination of electron-hole recombination. So, Ce doping could enhance the electron-hole separation and the decomposition rate of VOCs could be elevated. Moreover, the valence electrons of TiO2 catalyst are excited to the conduction band by UV light, and after various other events, electrons on the TiO2 particle surface are scavenged by the molecular oxygen to produce reactive oxygen radicals. Furthermore, redox reactions between the pollutant molecules and reactive oxygen radicals happened, VOC molecules were turned into harmless inorganic compounds, such as CO2 and H2O at the end.
Effect of Hydrogen Peroxide
Hydrogen peroxide is considered to have two functions in the photo-catalytic degradation. It accepts a photo-generated conduction band electron, thus promoting the charge separation, and it also forms OH•. The addition of H2O2 increases the concentration of OH• radicals since it inhibits the electron-hole recombination.
Experiments were conducted to evaluate the effect of H2O2 on the toluene/p-xylene photodegradation. The conditions were as follows: flow rate of 1 L/min, initial concentration of 0.1 mol/m 3 , relative humidity of 35%, and photo-catalyst of pure TiO2. As shown in Fig. 9 , the removal efficiency of toluene or p-xylene increased with reaction time.
In the first 3 h, the degradation rate of toluene or p-xylene without H2O2 was higher because of the competitive adsorption between toluene or p-xylene molecules and hydrogen peroxide. Then, more reactants and/or radical molecules were produced during the photochemistry course, which led to the improvement of toluene or p-xylene decomposition. The final degradation rates of toluene and p-xylene with H2O2 were up to 97.1 and 95.4% after 8 h, respectively.
The degradation of acetone was studied with and without hydrogen peroxide (Fig. 10) . Overall, the acetone removal efficiency increased with reaction time. Initially, the degradation rate of without H2O2 was higher than that of with H2O2 because of competitive adsorption between acetone and hydrogen peroxide after hydrogen peroxide addition to the (Toluene) (P-xylene) Figure 9 . Effect of toluene/p-xylene degradation on hydrogen peroxide.
sample chamber (10 mL per 30 min, 30 % H2O2, RH 35 %). As the reactants and/or byproducts accumulated on the catalyst, and there was no new super-oxidation supplied, the catalyst deactivated and the degradation rate increased slowly after 2 hr. Hydroxyl radicals were produced due to the presence of hydrogen peroxide (Eq. 3). This decreased recombination of electron-hole pairs, and consequently the final acetone degradation rate was up to 91.8 % after 8 hr. Consumption of hydroxyl radical likely played an important role in deactivation of the catalyst. An appropriate volume of hydrogen peroxide could enhance the degradation rate, while too much could decrease the degradation rate (Eq. 4). During deactivation the catalyst color in process without H2O2 changed from light white to khaki, while with H2O2 was light khaki. This suggests catalyst deactivation in process without H2O2 was more extensive than in with H2O2. Moreover, the change in catalyst color after the reaction indicates that the reaction occurred in the surface of the catalyst. After sintering at 390 °C for 1 h the catalyst recovered its original color. This again suggests that catalyst deactivation was due to the accumulation of reactants and by-products on the catalyst surface, which impeded degradation reactions. To compare the performance of H2O2/UV, we evaluated the potential of acetone degradation by H2O2 alone. The concentration of acetone remained almost the same over 8 h. Consequently, we concluded that H2O2 alone could not remove the VOCs.
Effect of initial concentration
In order to discuss the effect of VOCs initial concentration on photo-catalytic degradation rates, we investigated the removal efficiency of ATP and HCHO under different initial concentrations. The ATP concentrations in the experiment ranged between 0.05-0.3 mol/m 3 . The conditions were as follows: gas flow-rate of 1 L/min, relative humidity of 35%, Cedoped TiO2 as photo-catalyst, and irradiation time of 8 hr. The results showed that the photo-catalytic degradation rates decreased with increasing ATP initial concentration, just illustrated in Fig. 11 . Based on the Langmuir-Hinshelwood equation, the degradation rate decreased with increasing initial concentration while the absolute amount of degraded pollutants may increase. At higher initial concentration, the UV light might be absorbed by gaseous pollutants rather than the TiO2 particles, which led to the reduction of the photodegradation efficiency. Moreover, at different initial concentrations, acetone was easiest to be destructed, while p-xylene was difficult to be removed among ATP from gas flow. As a main indoor pollutant, the indoor formaldehyde concentration is usually below 0.5 ppmv. It is worth discussing whether the low level of indoor HCHO can be decreased to a value below 0.1 mg/m 3 (specified in the indoor air quality standard of China). So in our experiment, the HCHO concentrations in the experiment ranged between 0.1-0.5 mg/m 3 . The conditions were as follows: relative humidity of 35%, Ce-doped TiO2 as photo-catalyst, and irradiation time of 120min. The results showed that the photo-catalytic degradation rates decreased with increasing HCHO initial concentration, just illustrated in Fig. 12 . In gas-phase photo-catalyst, collision frequency between radicals and HCHO affected the removal efficiency. When formaldehyde molecule reaches to the catalyst surface, the photo oxidation will occur. At higher initial concentration, the UV light might be absorbed by gaseous pollutants rather than the TiO2 particles, which led to the reduction of the photodegradation efficiency.
Effect of UV Light Wavelength
In order to investigate the influence of the UV intensity on the photo-catalytic efficiency, the experiments were performed using two lamp configurations (254 and 365 nm). The effect of UV light wavelength on the efficiency of HCHO degradation is shown in Fig. 13 . Just shown in Fig.13 , 254 nm UV light provided more effective HCHO photo-degradation than 365 nm UV light. The effect of UV light wavelength on the efficiency of ATP degradation is shown in Fig.14 . 254 nm UV light provided more effective ATP photodegradation than 365 nm UV light. Degradation of ATP in the UV/TiO2 process followed the same trend. 
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The different results obtained with 254 and 365 nm UV lamps were mainly due to the stronger UV irradiation from the 254 nm lamp (about 58 W/m 2 on its surface) than that from the 365 nm lamp (30 W/m 2 on its surface). This illustrates that the 254 nm UV lamp irradiated photons with higher energy, which led to more efficient degradation with TiO2/UV.
Effect of gas flow rate
The effect of gas flow rate on ATP degradation was studied at an initial concentration of 0.1 mol/m 3 and relative humidity of 35 %, just as shown in Fig. 15 . When the flow rate was increased from 3-9 L/min, degradation of toluene and acetone decreased. With a flow rate >3 L/min the reactants have shorter residence time on the photocatalyst surface and consequently do not bind to the active sites. In general, an increase in gas flow rate results in two antagonistic effects. These are a decrease in residence time within the photocatalytic reactor, and an increase in the mass transfer rate. In our opinion, the decrease in degradation with increasing gas flow rate showed that the residence time of pollutant molecules with TiO2 is an important factor. However, the degradation rate at 1 L/min was the lowest. This was due to adsorption of active species on the catalyst, which led to a decrease in the reaction between pollutant molecules and active species. For p-xylene, the degradation rate was the highest when the flow rate was 7 L/min. From these results it can be concluded that gas flow rate remarkably influences the degradation rate. While both toluene and p-xylene are aromatic hydrocarbons, toluene is an unsymmetrical molecule and p-xylene is symmetrical. Consequently, the adsorption and degradation of toluene were greater than for p-xylene under the same flow rate. The highest degradation rates for acetone, toluene, and p-xylene were 77.7, 61.9, and 55 %, respectively. The Langmuir-Hinshelwood (L-H) rate expression has been widely used to describe the gas-solid phase reaction for heterogeneous photocatalysis. Assuming that mass transfer is not the limiting step, and that the effect of intermediate products is negligible, then the reaction rate in a plug-flow reactor can be expressed as: where k and K are the L-H reaction rate constant and the L-H adsorption equilibrium constant, respectively; and t is the time taken for ATP molecules to pass through the reactor. After integration of Equation (5) the following linear expression can be obtained:
where Cin and Cout are the inlet and outlet concentrations of ATP, respectively; and T is the recurrent time of VOCs in the reactor.
If the L-H model is valid, a plot of ln(Cin/Cout)/(Cin-Cout) versus 1/(Cin-Cout) should be linear. This was the case with our data (Fig. 16) , and the linearity correlation coefficients of acetone, toluene and p-xylene were 0.9989, 0.9995 and 0.9992, respectively. This result suggests that the reaction occurs on the photocatalyst surface through an L-H mechanism and not in the gas phase. 
Degradation of Pure Individual VOCs and Their Mixture
Gaseous-phase photo-degradation for pure individual VOCs (acetone, toluene, and pxylene) and their mixture was carried out in the continuous flow reactor system. The gas stream passed through the reactor at a flow rate of 5 L/min and contained 0.1 mol/m 3 pure acetone, toluene, or p-xylene, or 0.3 mol/m 3 of their mixture. The gas residence time was 72 s in the reactor. The experiment was run for 8 hr, and samples were collected at hourly intervals.
Both acetone and p-xylene in the mixed gas degraded at much lower rates than their pure individual gases under the same conditions, just as shown in Fig. 17 . However, the opposite trend was observed for toluene. Toluene has an unsymmetrical structure, which leads to instability and promotes adsorption and degradation of pollutant molecules on the catalyst surface according to the L-H mechanism. In addition, the byproducts of acetone and pxylene produced in the reaction could promote toluene degradation. In contrast, degradation of acetone and p-xylene in the mixed gas was reduced by competitive adsorption and catalysis of toluene. Among the pure gases and the mixture, acetone had the highest degradation efficiency. Furthermore, the efficiency of pure toluene degradation was lower than that of pure p-xylene degradation due to structural stability.
Effect of gas temperature
The effect of gas temperature on photo-catalytic degradation of gaseous toluene was investigated in the range of 25-50 °C (Fig. 18) . The conditions were as follows: gas flow-rate of 1 L/min, relative humidity of 35%, irradiation time of 8 h, photo-catalyst of Ce-doped TiO2, and initial concentration of 0.1 mol/m 3 . Degradation efficiency of toluene gradually Advanced Aspects of Spectroscopy 360 increased when gas temperature was below 45 °C, but decreased at >45 °C. The increase in temperature would lead to the production of free radicals that could effectively collide with toluene molecules. Moreover, higher temperature may increase the oxidation rate of toluene at the interface. However, with increasing temperature, the adsorptive capacities of toluene on catalyst decreased, which led to the reduction of toluene removal efficiency. Figure 18 . Effect of gas temperature on the photo-catalysis of toluene.
Effect of photo-catalyst amount
In photo-catalytic degradation of organic compounds, the optimal TiO2 concentration depends mainly on both the nature of the compounds and the reactor geometry. In this work, the influence of TiO2 amount on HCHO photo degradation was investigated. A set of gaseous experiments with different amount of TiO2 from 0 to 100mg was carried out at the RH of 35% and the initial HCHO concentration of 0.1mg/m 3 . The degradation rates of HCHO for different amount TiO2 were presented in Fig. 19 . The photo-catalytic degradation efficiency increased with increasing the amount of TiO2 when TiO2 amount was lower than 70mg. When the TiO2 amount was more than 70mg, the photo-catalytic degradation efficiency was decreased. So 70mg of TiO2 amount was the optional amount in our experiment. And the thickness of 70mg of TiO2 amount was about 0.2mm. At the same time, in our investigation, the effect of photo-catalyst concentration on the degradation of acetone in the gas flow was also analyzed in order to optimize the amount of TiO2. Different concentrations (15-105 mg/L) of TiO2 precursor sols were prepared by using different amounts of tetrabutyl orthotitanate. The conditions of the experiment were as follows: gas flow-rate of 1 L/min, relative humidity of 35%, Ce-doped TiO2 as photo-catalyst, and irradiation time of 8 h. BET surface area of the synthesized samples was tested (see Table 2 ). The results showed that BET surface area increased with increasing photo-catalyst amount. Table 2 . BET surface area for synthesized photo-catalyst. Fig. 20 showed that the photo-catalytic degradation efficiency increased with increasing the amount of TiO2. It was suggested that increasing efficiency was due to the increase of the surface area. It could be observed that the degradation efficiency increased with increasing the amount of the catalyst until it reached a plateau at 90-105 mg/L of TiO2. This indicated that when the amount of TiO2 was overdosed, the surface area was saturated, and then the intensity of UV was attenuated because of decreased light penetration and increased light scattering. 
Effect of relative humidity of air stream
The effect of relative humidity (0-60% RH) of air stream on HCHO decomposition was examined by adding water vapor to a fixed concentration of HCHO. TiO2 photocatalyst was used in this experiment. Fig. 21 showed the experimental results at different relative humidity. The degradation rate increased with increasing relative humidity up to 35% and then started to decrease, which meant that 35% was the optimal humidity for photo-catalyst Advanced Aspects of Spectroscopy 362 process under the experimental conditions. When the reaction time was 120min, the highest removal efficiency of HCHO was 60.2% when RH was 35%. The enhancement of photo-catalytic reaction rate is frequently found in the presence of water vapor because hydroxyl groups or water molecules can behave as hole traps to form surface-adsorbed hydroxyl radicals. In photo-catalyst process, the hydroxyl radicals formed on the illuminated TiO2 can not only directly attack HCHO molecules, but also suppress the electron-hole recombination. However, higher RH can be attributed to the competition for adsorption between HCHO and hydroxyl radicals, thus decrease the removal efficiency of HCHO.
Effect of oxygen concentration
The effect of oxygen concentration on HCHO degradation was presented in Fig. 22 . The results corresponded to the initial concentration of 0.1mg/m 3 , relative humidity of 35% and reaction time of 120min. It is obvious that oxidation rates for HCHO increased with increasing O2 concentration under fixed conditions. As mentioned above, hydroxyl radical is an important factor to the HCHO photo-catalyst. At the same time, oxygen radical is also key factor for HCHO removal, which can react with HCHO on the TiO2 surface and turn HCHO into CO2 and H2O.
Mechanism of photo-catalytic degradation of VOCs
The heterogeneous photo-catalytic process used in pollutant degradation involved the adsorption of pollutants on the surface sites, and the chemical reactions of converting pollutants into carbon dioxide and water. Activation of TiO2 is achieved through the absorption of a photon (hv) with ultra-band energy from UV irradiation source. This results in the promotion of an electron (e−) from the valence band to the conduction band, with the generation of highly reactive positive holes (h+) in the valence band. This caused aggressive oxidation of the surface-adsorbed toxic organic pollutants and converts them into CO2 and water.
In the degradation of toluene or p-xylene, the OH• radicals attack the phenyl ring of toluene or p-xylene, and some products, such as phenol, benzaldehyde or benzoic acid, may be produced during the reaction, and they were converted into CO2 and H2O at the end (Fig.  23) . We could also observe that acetone was easily destructed to CO2 and H2O by photocatalysts. By-products of toluene or p-xylene were detected by GC-MS, and involved phenol, benzaldehyde, aldehydes, alcohols, etc. The reaction rate constant (k) was chosen as the basic kinetic parameter for ATP since it was important in determination of VOCs photo-catalytic activity. The first order kinetic equation:
COOH
was used to fit experimental data in Fig. 24 where Co is the concentration of ATP remaining in the solution at t, and Ci is the initial concentration at t = 0. The variations in ln(Ci/Co) as a function of irradiation time are given in Fig. 25 . Reaction rate constant (k), linearity correlation coefficient (R) and intercept (b) data for the photo-catalytic destruction of ATP are exhibited in Table 3 . The k of ATP could be ordered as follows: kAcetone>kToluene>kP-xylene, meaning that the decomposition capability of acetone was the best. The reason was probably due to molecular structure and molecular weight. Table 3 . Values of k, R and b for the photo-catalytic destruction of ATP.
During the HCHO decomposition by photo-catalytic processing, formic acid was identified as the intermediate from the photo-degradation of formaldehyde. In our experiment, ion chromatography (IC) was used to determine the byproducts by sampling the gas products into distilled water. The result in this study showed that formic acid was also found. The probably pathway of HCHO destruction was shown in Fig. 26 . The related reactions of HCHO destruction were shown with equations (8) 
As mentioned in equation 7, k was the basic kinetic parameter for VOCs photo-catalytic activity. Fig. 27 showed the first order kinetic equation fitting the experimental data. Ce/TiO2
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The variations in ln(Ci/Co) as a function of reaction time were given in Fig. 28 . The reaction rate constant for TiO2、Ag/TiO2、Ce/TiO2 were 0.1871、0.2302、0.2724, respectively, which meant that Ce/TiO2 had the best photo-catalytic abilities among the catalysts. 
Conclusion
In this chapter, nano-structured TiO2, Ag-TiO2 and Ce-TiO2 thin films coated on glass springs were prepared by sol-gel method at room temperature. Toluene, p-xylene, acetone and formaldehyde were chosen as the model VOCs, the photo-catalytic degradation characters of them by TiO2/UV, TiO2/doped Ag/UV and TiO2/doped Ce/UV was tested and compared. The effects of doped Ag/Ce ions, hydrogen peroxide, initial concentration, gas temperature, relative humidity of air stream, oxygen concentration, gas flow rate, UV light wavelength and photo-catalyst amount on decomposition of the pollutants by TiO2/UV were analyzed simultaneously. Furthermore, the mechanism of titania-assisted photo-catalytic degradation was analyzed, and the end product of the reaction using GC-MS analysis was also performed.
Results were as follows: (1) Characterization of this film by SEM and XRD showed it consisted of nanoparticles, and the crystalline phase was anatase. (2) Doped Ag or Ce ions could enhance the photo-catalyst ability. The degradation character of the photo-catalyst was in the order Ce-TiO2＞Ag-TiO2＞TiO2. (3) Hydrogen peroxide could promote the activation of catalyst, and toluene & p-xylene degradation rate with hydrogen peroxide was higher than that without it. The final degradation rates of toluene and p-xylene using H2O2 were up to 97.1 and 95.4% after 8 h, respectively. (4) The photo-catalytic degradation rates decreased with increasing VOCs initial concentration. Acetone was easiest to be destructed, Ce/TiO2 while p-xylene was difficult to remove from gas flow. (5) The degradation efficiency gradually increased with gas temperature and 45 °C had the best removal efficiency. (6) 35% was the optimal humidity for photo-catalyst process under the experimental conditions. (7) Higher concentration of oxygen was better for HCHO removal. (8) The flow rate greatly influenced the degradation rate. For acetone and toluene, the degradation rate was highest with a flow rate of 3 L/min. For p-xylene, the degradation rate was highest when the flow rate was 7 L/min. The highest degradation rates for acetone, toluene and p-xylene were 77.7 %, 61.9 % and 55 %, respectively. (9) Illumination using a 254 nm light source was better than 365 nm. (10) The photo-catalytic degradation efficiency increased with increasing the amount of TiO2 when TiO2 amount was lower than 70mg. (11) In the gas mixture, acetone and p-xylene had much lower degradation rates than for their pure counterparts. The opposite trend was observed for toluene. Among acetone, toluene and p-xylene, the removal efficiency of acetone was highest both when pure and as a part of the gas mixture. (12) The photo-catalytic process used in pollutant degradation involved the adsorption of pollutants on the surface sites, and chemical reactions of converting pollutant into CO2 and H2O at the end. By-products of toluene or p-xylene were detected by GC-MS analysis, and involved phenol, benzaldehyde, aldehydes, alcohols, etc. The reaction rate constant (k) of ATP was sequenced kAcetone>kToluene>kP-xylene, meaning that the decomposition capability of acetone was the best, probably due to molecular structure and molecular weight. Formic acid was the main byproduct during the decomposition of HCHO. The reaction rate constant (k) of TiO2、Ag/TiO2、Ce/TiO2 was sequenced kCe/TiO2>kAg/TiO2>kTiO2, meaning that Ce/TiO2 had the best photo-catalytic abilities among the catalysts.
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